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THERMODYNAMIC AND TRANSPORT PROPERTIES OF AIR AND THE COMBUSTION
PRODUCTS OF NATURAL GAS AND OF ASTM-A-1 FUEL WITH AIR
by David J. Poferl, Roger A. Svehla, and Kenneth Lewandowski

Lewis Research Center

SUMMARY

The ratio of specific heats, molecular weight, viscosity, specific heat at constant
pressure, thermal conductivity, and Prandtl number were calculated for air, the com-
bustion products of natural gas and air, and the combustion products of ASTM-A-1 jet
fuel and air. The properties were analytically determined over a temperature range
from 300 to 2500 K and for pressures of 3 and 10 atmospheres (3. O4><105 and 10. 13><105
N/mz). The data for natural gas and ASTM-A-1 were calculated for fuel-air ratios
from zero to stoichiometric. Adiabatic combustion temperatures over the same range
of pressure and fuel-air ratios were also determined for natural gas and ASTM-A-1.

Theoretical values of Prandtl number and thermal conductivity for air and the com-
bustion products of a (CH2)n type hydrocarbon jet fuel at the stoichiometric fuel-air
ratio were compared with data from an independent experimental investigation. The
maximum difference between experimental and theoretical Prandtl numbers and thermal
conductivities was less than 5 percent.

INTRODUCTION

An analytical investigation was conducted to determine the thermodynamic and
transport properties for air, the combustion products of natural gas and air, and the
combustion products of ASTM-A-1 jet fuel and air at the pressures and temperatures en-
countered in NASA jet engine turbine-cooling studies. Values of these properties were
not available in the literature over the full range of interest (e.g., see ref. 1). Accu-
rate values are required when basic heat-transfer correlations are being developed to
improve the reliability of predicting turbine blade and vane local temperatures.

The properties determined analytically were the ratio of specific heats 7y, molecu-
lar weight m, viscosity u, specific heat at constant pressure cp, thermal conductivity
k, and Prandtl number Pr. Adiabatic combustion temperatures were also determined



by assuming an initial fuel and air temperature of 298 K. The calculations were made
for (1) air, (2) natural gas burned in air, and (3) ASTM-A-1 jet fuel burned in air. All
properties were calculated for temperatures from 300 to 2500 K at pressures of 3 and
10 atmospheres (3. 04><105 and 10, 13><105 N/mz). The properties for the combustion
products of both natural gas and ASTM-A-1 were determined for fuel-air ratios up to
stoichiometric.

An independent experimental investigation of the Prandtl number and thermal con-
ductivity for hydrocarbon combustion products over a limited temperature range was
recently completed at the University of Minnesota under a NASA contract. The experi-
mental techniques and results are described in detail in reference 2. Where applicable,
comparisons are made herein to demonstrate the correlation of the theoretical and ex-

perimental data.

SYMBOLS

c specific heat at constant pressure, cal/(g)(K); J/(g)(K)
F/A fuel-air ratio
AHg heat of combustion at 298 K, cal/g; J/g

k thermal conductivity, cal/(cm)(sec)(K); J/(cm)(sec)(K)
molecular weight

P pressure, atm; N/m2

Pr Prandtl number

T temperature, °R, K

5% ratio of specific heats

U viscosity, g/(cm)(sec)

Subscripts:

R recovery

s static

T total

THERMODYNAMIC AND TRANSPORT PROPERTY CALCULATIONS PROGRAM

The program used to calculate the thermodynamic and transport properties is de-
scribed in reference 3. It is a program which combines the thermodynamic chemical
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equilibrium calculations program (refs. 4 and 5) with a program which calculates the
transport properties. Transport cross-section data used in the calculations for species
involving the elements hydrogen, oxygen, and nitrogen were obtained from references 3
and 6, and for species involving carbon and argon were obtained from reference 7. The
only change in the program was that rotational relaxation effects were included in the
calculation of the thermal conductivity (ref. 8). The rotational collision numbers used
in the calculations are given (in parentheses) as follows: methane CH4 (9), carbon di-
oxide CO2 (2.4), hydrogen H, (250), water H,0 (2), nitrogen Nz('?), and oxygen O
(12). The collision numbers were assumed to be independent of temperature. For the

- other species, the Eucken approximation was used.

The program was used to determine the combustion temperature of both natural gas
i and ASTM-A-1 with air at pressures of 3 and 10 atmospheres (3. 04><105 and 10. 13><105

' and also the thermodynamic and transport properties at these two pressures and

THERMOD YNAMIC AND TRANSPORT PROPERTY CALCULATIONS

Calculations of thermodynamic and transport properties were made for air, natural
gas burned in air, and ASTM-A-1 burned in air at temperatures from 300 to 2500 K and
pressures of 3 and 10 atmospheres (3. 04x10° and 10. 13x10° N/mz). The results of
these calculations are presented in tables I to VII and in figures 1 to 27. The data for
air are shown in the figures as the curves for a fuel-air ratio, F/A, of zero. For fuel-
air ratios greater than zero, the lowest temperature for which data are plotted in fig-
ures 1 to 23 corresponds to the point at which water condenses from the combustion
products.

The thermodynamic and transport properties v, m, u, ¢ _, k, and Pr of air ata
pressure of 3 atmospheres (3. O4><105 N/mz) are given in table I and are shown graphi-
cally in figures 1 to 6 and 13 to 18 as the data for a fuel-air ratio of zero. The other
F/A data in these figures are discussed in the next two sections. The analytical data
show that the ratio of specific heats decreases with increasing temperature whereas the
viscosity, specific heat at constant pressure, and thermal conductivity increase with in-
creasing temperature. The molecular weight remains constant until dissociation effects

become apparent at approximately 2000 K. The Prandtl number is essentially constant
until a temperature of approximately 800 K is reached and decreases thereafter.

The properties of air at 10 atmospheres (10. 13><105 N/mz) are shown in table II and
in figures 7 to 11 and 19 to 23. Since the calculations indicate that the difference in the
viscosity of air at 3 and 10 atmospheres (3. 04x10° and 10. 13x10° N/m2) is negligible
over the entire temperature range investigated, figure 3 is applicable to both pressure



levels for air. Increasing the pressure from 3 to 10 atmospheres (3. O4><105 to 10. 13><105
N/mz) has essentially no effect on the other thermodynamic and transport properties of
air at temperatures below approximately 2000 K. Above 2000 K, ¥, m, and Pr in-
crease with an increase in pressure, whereas c_ and k decrease at higher pressure.
The greatest effect of pressure is in the cp, k, and Pr data.

Combustion Products of Natural Gas and Air

The adiabatic combustion temperatures for natural gas and air as a function of F/A
are shown in table IIT and in the upper curves of figure 12. The initial temperature of
the reactants was assumed to be 298 K. Pressure has no effect on the combustion tem-
perature for fuel-air ratios below 0.04. For fuel-air ratios greater than 0. 04, a slight
increase in combustion temperature occurs with pressure. The highest combustion tem-
peratures of 2242 and 2262 K are attained at the stoichiometric F/A for pressures of
3 and 10 atmospheres (3. 04x10° and 10. 13x10° N/mz), respectively.

The effect of F/A on the thermodynamic and transport properties at 3 atmospheres
(3. 04x10° N/mz) is shown in table IV and in figures 1 to 6. The properties were calcu-
lated for fuel-air ratios from zero (air) to stoichiometric and for temperatures from
300 to 2500 K. The ratio of specific heats, molecular weight, and viscosity decrease
with increasing F/A, while the specific heat at constant pressure and thermal conduc-
tivity show the opposite trend. For temperatures lower than approximately 1400 K, the
Prandtl number increases with increasing F/A, whereas above 1400 K the effect is re-
versed.

The corresponding data at 10 atmospheres (10. 13><105 N/mz) are given in table V
and in figures 7 to 11. Over the range of F/A investigated, the effect of pressure on
the properties of the combustion products of natural gas and air is essentially the same
as that described for air, with pressure having a negligible effect until the temperature

exceeds approximately 1700 K. As was the case for air, the viscosity is essentially in-
dependent of pressure, and, thus, figure 3 can be used for the viscosity data at 3 and
10 atmospheres (3. 04x10° and 10. 13><1O5 N/mz).

Combustion Products of ASTM-A-1 and Air

Table IO and the lower curves in figure 12 illustrate the effect of F/A on the adia-
batic combustion temperature of ASTM-A-1 for fuel-air ratios from zero to stoichio-
metric and pressures of 3 and 10 atmospheres (3. 04x10° and 10. 13x10° N/mz). The
combustion temperatures for ASTM-A-1 are lower than those for natural gas at a given
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F/A with a maximum difference of 87 Kat F/A = 0.04. The effect of pressure on the
adiabatic combustion temperature is similar to that discussed for natural gas with maxi-
mum combustion temperatures of 2307 and 2333 K at 3 and 10 atmospheres (3. 04><105
and 10. 13x10° N/m?), respectively.

The thermodynamic and transport properties of the combustion products of ASTM-
A-1 at 3 atmospheres (3. 04><105 N/mz) are given in table VI and in figures 13 to 18. The
variation of property data with F/A and temperature is similar to that discussed for
natural gas with the exception of molecular weight. That is, the ratio of specific heats
and viscosity decrease with increasing fuel-air ratio, whereas the specific heat at con-
stant pressure and thermal conductivity increase with increasing fuel-air ratio. How-
ever, at temperatures below approximately 1700 K, the molecular weight is essentially
independent of fuel-air ratio over the range of fuel-air ratios investigated. Above
1700 K, the molecular weight decreases with increasing fuel-air ratio. The Prandtl
number increases with increasing fuel-air ratio below about 1700 K. At temperatures
greater than 1700 K, the opposite trend is shown except at the stoichiometric fuel-air
ratio above 2200 K.

Similar data for the properties at 10 atmospheres (10, 13x10° N/mz) are given in
table VII and in figures 19 to 23. The viscosity is essentially independent of pressure
over the temperature range investigated, and figure 15 is therefore applicable to 10 at-
mospheres (10. 13><105 N/mz), also. All property variations with pressure are similar
to that discussed previously for air and the combustion products of natural gas and air,
with the effect of pressure becoming noticeable at temperatures above approximately
1700 K.

COMPARISON OF EXPERIMENTAL AND THEORETICAL DATA

An independent experimental determination of the Prandtl number and the thermal
conductivity of air and the combustion products of a simulated hydrocarbon fuel with air
was made at the University of Minnesota subsequent to the completion of the theoretical
study just described. The experimental investigation was conducted under NASA con-
tract and is summarized in appendix B and described in detail in reference 2.

The values for experimental and theoretical Prandtl numbers for air at tempera-
tures from approximately 800 to 1400 K are shown in figure 24. The experimental data
are lower than the NASA theoretical data over the entire temperature range of the ex-
perimental investigation. The agreement between experimental and theoretical data is
fairly good, with a maximum difference of about 5 percent. Although the experimental
data were obtained at 1 atmosphere (1. 01x10° N/mz), whereas the theoretical data were
calculated for 3 atmospheres (3.O4><105 N/mz), the results are comparable since the
data presented in tables VI and VII and in figures 18 and 23 indicate no pressure effect



on Prandtl number in the temperature range in which the comparison was made.

The experimental and theoretical data for the thermal conductivity of air are pre-
sented in figure 25. The agreement between experimental and theoretical thermal con-
ductivities is similar to the agreement in Prandtl number data. The experimental ther- ‘i
mal conductivity data fall above the theoretical curve in all cases, with a maximum dif- !
ference of approximately 5 percent as expected since the experimental thermal conduc-
tivities were calculated from the experimental values of Prandtl number.

The experimental and theoretical Prandtl number data for combustion products of
a hydrocarbon fuel with a hydrogen- to carbon-atom ratio of 2 ((CHz)n) and air for a
fuel-air ratio of 0.068 are shown in figure 26. The experimental and theoretical data
agree within 2.5 percent. Although the simulated fuel was assumed to have a hydrogen-
to carbon-atom ratio of 2, whereas ASTM-A-1 has a hydrogen- to carbon-atom ratio of
1.918, the theoretical data for the Prandtl number of the combustion products of natural
gas and air and of ASTM-A-1 and air show a negligible difference in the theoretical
Prandtl number between ASTM-A-1 and a hydrocarbon fuel with a hydrogen- to carbon-
atom ratio of 2. The theoretical data were calculated at a pressure of 3 atmospheres
(3. 04><105 N/mz) whereas the experimental values were determined at 1 atmosphere
(1. 01x10° N/mz). However, the pressure effect on theoretical Prandtl number is neg-
ligible. Thus, the comparison of the theoretical Prandtl number data of ASTM-A-1 at
3 atmospheres (3. 04x10° N/mz) with the experimental data is justified.

A comparison of experimental and theoretical thermal conductivity is shown in fig-
ure 27. The correlation of the experimental and theoretical data is good, with all the
experimental data falling within 4 percent of the theoretical data. The experimental
thermal conductivities are somewhat larger than the theoretical data because the vis-
cosity values used in reference 2 are higher than those calculated with the NASA thermo-
dynamic properties program.

CONCLUDING REMARKS

The ratio of specific heats, molecular weight, viscosity, specific heat at constant
pressure, thermal conductivity, and Prandtl number were analytically determined for
air, the combustion products of natural gas and air, and the combustion products of
ASTM-A-1 and air. These properties were calculated for temperatures from 300 to
2500 K and pressures of 3 and 10 atmospheres (3. O4><105 and 10. 13><105 N/mz). The
data for natural gas and ASTM-A-1 were determined for fuel-air ratios from zero to
stoichiometric. Adiabatic combustion temperatures of natural gas burned in air and
ASTM-A-1 burned in air were also calculated over this range of fuel-air ratios.

The theoretical data presented herein are for the combustion products of the fuels
defined in appendix A. However, it is estimated that the difference between calculated
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thermodynamic and transport properties of the combustion products of natural gas and
the properties of any nominal natural gas composition burned in air will be less than

3 percent. Likewise, errors of less than 3 percent will be introduced if the thermo-
dynamic and transport properties of the combustion products of ASTM-A-1 are used for
the properties of the combustion products of any of the typical JP fuels.

The effect of pressure on the theoretical properties is negligible for temperatures
less than 1700 K since the amount of dissociation of the reaction products does not be-
come a significant factor until the temperature exceeds 1700 K. Even for temperatures
exceeding 1700 K, the viscosity was not affected over the pressure range investigated.
Of the remaining properties investigated, the specific heat at constant pressure, ther-
mal conductivity, and Prandtl number were the most sensitive to pressure.

The comparison of experimental and theoretical data for the Prandtl number and
thermal conductivity for air and for the combustion products of a (CH2)n type hydro-
carbon fuel at the stoichiometric fuel-air ratio showed good agreement over the limited
temperature range of the experimental investigation conducted at the University of
Minnesota. The maximum difference between experimental and theoretical Prandtl
numbers and thermal conductivities was less than 5 percent.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 17, 1969,
720-03.



APPENDIX A

COMPOSITIONS OF AIR, NATURAL GAS, AND ASTM-A-1

The following data define the compositions that were assumed for air, natural gas
and ASTM-A-1 jet fuel.
The composition of air is given by the following formula:

’

Co.00030N1.56176C0. 4195970, 00932

Natural gas was assumed to consist of the following components:

Component Composition,

wt. %
Nitrogen, N, 2.648
Methane, CHy 87.474
Carbon dioxide, Co, 1.181
Ethane, C2H6 6.332
Propane, C3H8 1.621
Butane, C4H10 .576
Pentane, CgHyo .168

ASTM-A-1 jet fuel has the composition CH1 9184 and at 298 K has a heat of com-
bustion AHg of -10 333 calories per gram (-43 200 J/g).



APPENDIX B

* EXPERIMENTAL MEASUREMENT OF PRANDTL NUMBER
AND THERMAL CONDUCTIVITY

An experimental investigation of Prandtl number and thermal conductivity was con-
ducted by the University of Minnesota for a simulated hydrocarbon fuel assumed to have
a hydrogen- to carbon-atom ratio of 2. The Prandtl number and thermal conductivity
were determined for temperatures from approximately 800 to 1340 K at a pressure of
1 atmosphere (1. 01x10° N/m2).

The experimental procedure was based on the fact that the recovery factor for a
flat plate is equal to the square root of the Prandtl number for laminar boundary layer
flows at high velocity. End effects were eliminated by using a cylinder with its axis
parallel to the direction of flow to simulate the conditions on a flat plate. The recovery
temperature of the cylinder was conveniently measured by using a differential thermo-
couple as the cylinder. The combustion products were synthesized by mixing carbon
dioxide, water vapor, nitrogen, and air in the required proportions to simulate the re-
action products. The gaseous mixture was heated to the required test temperature in a
heat exchanger and then accelerated through a nozzle to develop the high velocity flow
required for application of the aforementioned relation between recovery factor and
Prandtl number. The junctions of the differential thermocouple were positioned so that
the difference between total temperature and recovery temperature was read directly.
This temperature difference and a measurement of total temperature and static- to
total-pressure ratio are sufficient to calculate Prandtl number:

T -T

T 'R
p \(r-1)/¥

erl/2-1 -

(eq. (7) of ref. 2). The thermal conductivity was derived in the following manner. The
specific heat at constant pressure was analytically determined by using a weighted aver-
age of specific heats for the individual components of the combustion products. The vis-
cosity of the reaction mixture was calculated by the method of Chapman and Cowling, as
described in reference 9. The thermal conductivity was then calculated from the experi-
mental value of the Prandtl number.
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Temper-
ature,

300
400
500
600
700
800

900
1000
1100
1200
1300
1400

1500
1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

TABLE I. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF AIR

Ratio of
specific
heats,
Y

.4001
.3951
. 3865
. 3758
. 3646
. 3537

kb e ek ped

. 3439
.3357
.3288
. 3224
.3163
.3103

e e e

. 3045
.2988
.2932
. 2875
. 2818
. 2759

—_ e e e

. 2696
. 2628
. 2553
. 2471
. 2381

e e e N i

Molecular
weight,
m

28.967

28.966
28.966
28.965

28.962
28.957
28.948
28.935
28.914

AT 3 ATMOSPHERES (3.04x10° N/m?2)

Viscosity
My
g/(cm)(sec)

.78x10°
.24
.64
.00
33
.63

W W W N N

.92
.19
.44
.69
.93
17

Q1 b B R W

.40
.63
.85
.07
.29
.50

[o2TNer RN« TN L BN O &)

.72
.93
14
.35
.57

] 3 ] O &

Specific heat at

constant pressure,

‘p
cal/(g)(K) | I/(g)(K)
0.2401 | 1.005
.2422 | 1.013
.2461 | 1.030
2511 | 1.051
.2568 | 1.074
.2626 | 1.099
2681 | 1.122
2730 | 1.142
2772 | 1.160
2814 | 1.177
.2855 | 1.195
.2897 | 1.212
.2939 | 1.230
.2082 | 1.248
.3026 | 1.266
.3073 | 1.286
3124 | 1.307
.3181 | 1.331
.3247 | 1.359
.3327 | 1.392
.3427 | 1.434
.3555 | 1.487
.3718 | 1.556

Thermal conductivity, k

cal/(cm)(sec)(K)

=t

DD e e

W W W W

.61x10”
L7
.92
.07
.21
.35

.49
.62
.15
.87
.00
.13

.26
.39

52
66

. 80
.96

.13
.33
.56
.84
.18

J/(cm)(sec)(K)

0 O J I O D

10.
10.
11.
11.
i2.

13.
13.
14.
16.
17.

QLU W W N

.6x10"

.48
.06
.65

.23
.78
.32
.82
.37
.91

s = = O

[S2I e e R

4

Prandtl
number,
Pr

0.704
.705
. 705
.'706

.705
.705
.705
.04

.704
.703
.702
.701
.700
. 699

. 696
. 693
.688
.681
.673
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TABLE I. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF AIR

Temper-| Ratio of [Molecular
ature, |specific | weight,
T, heats, m

K Y

300 1.4001 28.967
400 1.3951

500 1.3865

600 1.3759

700 1.3646

800 1.3537

900 1.3439

1000 1.3356

1100 1.3288

1200 1.3224

1300 1.3163

1400 1.3103

1500 1.3045

1600 1.2989

1700 1.2933 Y
1800 1.2878 28.966
1900 1.2823 28.966
2000 1.2769 28.966
2100 1.2713 28.964
2200 1.2656 28.961
2300 1.2596 28.957
2400 1.2533 28.950
2500 1. 2466 28.938

AT 10 ATMOSPHERES (10. 13x10° N/m?)

Thermal conductivity, k

Viscosity, Specific heat at
Iy constant pressure,
g/(cm)(sec) ¢y
cal/(g)(K) | 3/(g)(K)

1.78x10"% | 0.2401 | 1.005
2.24 . 2422 1.013
2.64 . 2461 1.030
3.00 . 2511 1.051
3.33 . 2568 1.074
3.63 . 2626 1.099
3.92 . 2681 1.122
4.19 . 2730 1.142
4.44 L2772 1.160
4.69 .2814 1.177
4.93 . 2855 1.195
5.17 . 2897 1.212
5.40 . 2939 1.230
5.63 . 2981 1.247
5.85 .3025 1. 266
6.07 .3070 1.285
6.29 .3118 1.305
6.50 .3168 1.325
6.72 .3223 1.349
6.93 . 3285 1.374
7.14 . 3357 1.405
7.35 . 3443 1.441
7.57 . 3548 1.484
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cal/(cm)(sec)(K)

0.61x10"
L7
.92
1.07
1.21
.35

[y

.49
.62
.15
.87
.00
13

I R

. 26
.39
.52
.66
80
94

NN DD ND N

10
27
.46
.67
.83

W W W w w

J/(cm)(sec)(K)

10.
10.
11.
11.
12.

13.
13.
14.
15.
16.

.6x10”

DD W W
P

0 W -3 I O ®

.48
.06
.65

.23
.18

32

.82
.37
.91

W =3 =~ U1 O

B U o

Prandtl
number,
Pr

0.704
.705
.705
.706

.705
.705
.705
. 704

.704
.703
.702
.702
.701
.700

.698
. 696
.693
. 689
.684




TABLE III. - ADIABATIC COMBUSTION TEMPERATURES OF NATURAL GAS AND OF ASTM-A-1

Fuel

Natural gas

BURNED IN AIR AT 3 AND 10 ATMOSPHERES (3. 04x10° AND 10. 13x10° N_/mz)

Pressure, P

Fuel-air

atm N/m2
3 | 3.04x10°
Y

10 l10.13x10°

Y

ratio,
F/A

.0100
.0200
. 0400
. 0600

.0100
.0200
. 0400
. 0600

Adiabatic
combustion
temperature,
K

2298

745
1130
1770
2242

2298

745
1130
1771
2262

Fuel

ASTM-A-1

3nitial fuel and air temperatures were assumed to be 298 K.

Pressure, P

Fuel-air

2

atm | N/m

3 | 3.04x10°

10. 13x10°

ratio,
F/A

.0100
.0200
. 0400
.0600
.0682

.0100
.0200
. 0400
. 0600
. 0682

Adiabatic
combustion
temperature,
K

4998

708
1068
1684
2182
2307

2998

708
1068
1684
2192
2333
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TABLE IV. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF NATURAL GAS BURNED IN AIR

AT 3 ATMOSPHERES (3, 04x10° N/m?)

Temper-~| Fuel-air | Ratio of |Molecular| Viscosity, Specific heat at Thermal conductivity, k Prandtl
ature, ratio, | specific| weight, M, constant pressure, Cp number,
T, F/A heats, m g/(cm)(sec) cal/(cm)(sec)(K) { J/(cm)(sec)(K) Pr

K y cal/(g)(K) | /(g)(K)

2300 0.0100 1.2287 | 29.410 1. 76x10™4 0.2414 1.010 0.60x10™% 2.5x107% 0.709
400 1.3888 | 28.757 2.22 . 2469 1.033 LT 3.2 712
500 1.3796 2.62 . 2512 1.051 .93 3.9 .T10
600 1.3687 2.98 . 2566 1.074 1.08 4.52 .709
700 1.3573 3.30 . 2625 1.098 1.22 5.10 . 708
800 1.3463 3.61 . 2687 1.124 1.37 5.73 .708
900 1.3364 3.89 . 2745 1.149 1.51 6.32 .707
1000 1.3280 4.16 . 2798 1.171 1.65 6.90 .07
1100 1.3210 4.42 . 2844 1.190 1.78 7.45 .06

1200 1.3145 4.67 . 2888 1.208 1.91 7.99 .705
1300 1.3084 4.92 . 2932 1. 227 2.05 8.58 LT705
1400 1.3024 5.15 . 2976 1.245 2.18 9.12 .704

1500 1.2966 5.39 .3021 1.264 2.31 9.67 .703

1660 1.2908 5.61 . 3069 1.284 2.45 10.3 .702
1700 1.2849 | 28,756 5.84 .3120 1.305 2.60 10.9 .701
1800 1.2787 | 28.755 6.06 L3177 1.329 2.75 11.5 .699
1800 1.2722 | 28.752 6.28 .3242 1.356 2.92 12.2 . 697

2000 1.2652 | 28.748 6.49 .3320 1.389 3.11 13.0 .693
2100 1.2575 ) 28.741 6.71 .3416 1.429 3.33 13.9 .688

2200 1.2490 | 28.730 6.93 .3537 1.480 3.60 15.1 .680
2300 1.2396 | 28,713 7.14 .3692 1.545 3.95 16.5 .668
2400 1.2295 | 28.687 7.35 .3892 1.628 4.39 18.4 .652
2500 1.2187 | 28.648 7.56 L4147 1.735 4.97 20.8 . 631

2300 0.0200 1.2158 | 30.213 1.75%107% 0.2411 1.009 0. 60x107% 2.5x107% 0.709
400 1.3828 | 28.554 2.19 L2514 1.052 L7 3.2 .719
500 1.3731 2.59 . 2561 1.072 .93 3.9 .115
600 1.3620 2.95 . 2619 1.096 1.08 4.52 .T12
700 1.3504 3.28 . 2682 1.122 1.24 5.19 L1711
800 1.3394 3.58 . 2746 1.149 1.39 5.82 L1710
900 1.3295 3.87 . 2808 1.175 1.53 6.40 .'709
1000 1.3210 4.14 . 2864 1.198 1.68 7.03 .708
1100 1.3139 4.40 . 2913 1.219 1.81 7.57 .707
1200 1.3073 4.65 . 2960 1.238 1.95 8.16 .706
1300 1.3012 4.90 . 3007 1.258 2.09 8.74 . 705
1400 1.2954 5.14 . 3053 1.277 2.23 9.33 .704
1500 1.2896 5.37 .3100 1.297 2.37 9.92 .03
1600 1.2839 5.60 .3149 1.318 2.51 10.5 .702
1700 1.2781 | 28.553 5.82 .3203 1.340 2.66 11.1 . 700
1800 1.2720 | 28.551 6.05 .3263 1.365 2.83 11.8 .698
1900 1.2655 | 28,548 6.27 . 3334 1.395 3.01 12.6 . 695
2000 1.2583 | 28,543 6.48 .3421 1.431 3.21 13.4 . 690
2100 1.2502 | 28.534 6.70 .3532 1.478 3.46 14.5 . 683
2200 1.2411 | 28.520 6.92 .3676 1.538 3.78 15.8 .673
2300 1.2309 | 28.498 7.13 . 3866 1.618 4,20 17.6 .857
2400 1.2197 | 28.465 7.35 .4116 1.722 4.75 19.9 .637
2500 { 1.2081 | 28.416 7.56 . 4441 1.858 5.49 23.0 .611

aProperties at 300 K reflect the effect of the condensation of water from the combustion products.
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TABLE IV. - Concluded. THERMODYNAMIC AND TRANSPORT PROPERTIES OF NATURAL GAS BURNED IN AIR

Temper-
ature,
T)
K

4300
400
500
600
700
800

900
1000
1100
1200
1300
1400

1500
1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2300
400
500
600
700
800

900
1000
1100
1200
1300
1400

1500
1600
1700
1800
1900
2000

2100
2200
2300
2400

2500

Fuel-~air
ratio,
F/A

0. 0400

0. 0600

Ratio of

specific

heats,
Y

.1925
. 3720
.3614
. 3499
.3382
L3271

R N

L3171
. 3085
.3012
. 2046
. 2886
. 2830

o e e

. 21776
. 2723
. 2669
. 2612
. 2548
. 2474

o e e e e

. 2386
. 2282
. 21863
. 2032
.1901

L1724
. 3624
.3511
.3392
. 3274
. 31863

e e e e e T L

. 3063
. 2976
. 2903
. 2839
. 2782
. 2731

R e e e e

. 2683
. 2636
. 2582
. 2512
2418
2302

ok e e el

1.2171
1.2038
1.1909
1.1792
1.1690

Molecular
weight,
m

31.905
28.169

28.168
28.168
28.167
28.165
28.161
28.154

28.142
28.123
28.091
28.042
27.969

33.1723
27. 807

Y

217. 806
27.805
27.801
27,792
27.774

27,744
27,697
27,629
27.534
27,409

AT 3 ATMOSPHERES (3. 04x10° N/m?)

Viscosity,
"
g/(cm)(sec)

.73x107%

14
54
89
22
53

W W NN DN

82
09
35
61
85
10

G i s W

.33
.56
.79
.02
.24
.46

(=2 o > B = RS IS B9

68
90
11
33
54

T1X10~
09
.48
83
16
47

4

f-Ole\Dmv—n =] A1 -1 O D

.16
03
30
56
81
05

[ T N N N N )

29
52
75
98
20
42

[~ = R S LR S R ) |

65
87
08
30
7.52

-] 7 O O

Specific heat at

constant pressure, c

D

cal/(g)(K) | J/(g)(K)
0.2406 1.007
. 2602 1.089
. 2657 1.112
L2722 1.139
L2192 1.168
. 2862 1.197
.2930 1,226
.2993 1.252
.3048 1.275
.3100 1.297
.3150 1.318
.3199 1.338
.3248 1.359
.3299 1.380
.3355 1.404
.3419 1.431
3497 1.463
.3601 1.507
. 3741 1.565
.3938 1.648
L4212 1.762
.4586 1.919
.5078 2.125
0.2402 1.005
. 2687 1.124
. 2750 1.151
. 2821 1,180
. 2897 1.212
. 2974 1.244
.3048 1.275
L3118 1.304
.3176 1.329
.3232 1.352
.3283 1.374
.3332 1.394
.33179 1.414
. 3430 1.435
.3494 1.462
.35817 1.501
.3730 1.561
.3941 1.649
.4226 1.768
. 4590 1.920
.5038 2.108
.5574 2.332
.6195 2.592

Thermal conductivity, k

cal/(cm)(sec)(k)

Y-

.59x107%
.76
.93
.10

1.26

—

Jury

I I R

WwN NN

(= L

.41

57
72
87
02
17
31

46
62
78
95
15
39

70
12
70
52
63

58x107%

.15
.93
.10

1.27

[y

8.

Wow W NN S I I e

- ICS

44

60
76
92
08
23
38

54
70
89
11
42
81

32
97
80
86
21

aProperties at 300 K reflect the effect of the condensation of water from combustion products.

Prandtl
————— number,
J/(cm)(sec)(K) Pr
2.5x10"% | 0.709
3.2 .733
3.9 .24
4.60 .1720
5.27 .716
5.90 .714
6.57 112
7.20 .710
7.82 .709
8.45 .707
9.08 . 706
9.617 . 705
10.3 .703
11.0 .702
11.6 .700
12.3 . 697
13.2 .693
14.2 .686
15.5 .675
17.2 .659
19.7 . 637
23.1 . 609
27.7 .578
2.4x107% | 0.709
3.1 .747
3.9 .734
4.60 L2
5.31 .722
6.02 L1718
6.69 715
7.36 L7138
8.03 L7111
8.70 .709
9.33 .707
9.96 .705
10.6 .704
11.3 .701
12,1 . 696
13.0 .688
14.3 L6717
15.9 .664
18.1 .650
20.8 .634
24.3 .615
28.7 .593
34.4 .567

15
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TABLE V.

Temper-
ature,
T:

K

Fuel-air
ratio,
F/A

2300
400
500
600
700
800

900
1000
1100
1200
1300
1400

1500
1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2300
400
500
600
700
800

900
1000
1100
1200
1300
1400

1500
1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

0.0100

0.0200

- THERMODYNAMIC AND TRANSPORT PROPERTIES OF NATURAL GAS BURNED IN AIR

Ratio of

specific

heats,
Y

1.2945
1.3888
1.3796
1.3687
1.3573
1. 3463

1,3364
1.3280
1.3210
1.3145
1,3084
1.3025

1.2967
1.23810
1.2853
1. 2795
1.2736
1.2674

1.2610
1. 2541
1. 2467
1.2388
1.2304

1.2687
1.3828
1.3731
1.3620
1.3504
1.3394

1.3295
1.3210
1.3139
1.3073
1.3012
1.2954

1. 2898
1.2842
1.2787
1.2730
1.2671
1.2610

1.2543
1.2471
1.2392
1. 2306
1.2215

Molecular
weight,
m

29,649
28.757

28.756
28.756
28.754
28.751

28. 747
28.740
28.729
28.713
28.690

30.459
28.554

28.553
28.552
28.550
28.547

28.541
28.532
28.519
28.498
28. 469

AT 10 ATMOSPHERES (10, 13x10° N/m?)

Viscosity,
H-y
g/(cm)(sec)

77x10™%

22
62
.98
.30
61

W W NN DN

.89
.16
.42
67
.92
15

G b B R s W

39
.61
.84
06
28
49

(=2 T o> T o IS ) BRSNS

71
93
14
35
.56

76x1074
.19
59
95
.28
.58

WDO.[\JNNHN‘IQQQCD

.87
14
.40
.65
.90
.14

[5G X

.37
.60
.82
.05
.27
.48

[= 3= T T IS ) |

.70
.92
13
.35
56

O Y- W=

=

Specific heat at

constant pressure, c

cal/(g)(K)

0.2403
. 2469
L2512
. 2566
. 2625
. 2687

. 2745
. 2798
. 2844
. 2888
. 2932
. 2976

.3020
. 3087
L3115
.3168
.3225
.3290

.3365
. 3454
.3563
.3696
. 3860

0.2401
.2514
. 2561
. 2619
. 2682
. 2746

. 2808
. 2864
. 2913
. 2960
. 3006
. 3052

. 3098
.3146
.3196
. 3251
.3312
.3383

. 3467
.3570
. 3699
. 3862
. 4067

J/ (g)?-f()

e e e i

- e e e g

O e T T o T S S e I = S S W

e i

s e e e

b e

.005

033
051
074

. 098

124

.149
L171
. 190
. 208
. 227
. 245

. 264
. 283
. 303

349

.37

.408
. 445
.491
. 546

. 005
.052
.072

096

.122
. 149

175
198

.219

238
258
277

296
316
337
360
386
415

.451
.494

548

. 616
.702

k=]

Thermal conductivity, k

[oy

—

-

3.
3.
3.
4.
4.

. 60x10~
LT
.93
.08
.22

A A

(= -

DO DO bt b e

PPN NPDN

cal/(cm)(sec)(K)

4

37

51
65
78
91

.05

18

31
45
59
74
90
07

26
48

.74
.05
.44

. 80x107
L7
.93

4

08

.24
.39

.53

68
81
95
09

.23

37
51
66
81
98
16

37
61
91
29
76

J/(cm)(sec)(K)

10.
10.
11,
12,
12,

13.
14,
15.
16.
18.

.5x10

10.
11,
11.
12.
13.

14.
15.
16.
17.
19.

aProperties at 300 K reflect the effect of the condensation of water from the combustion products.

[3 TS BTN RS

© o Nae>

T W oWw N

L e @A

5x10~%
2

9

52

10

73

.32
.90

45
99

.58

12

@ = O W

DO o DD

-4

.52

19
82

40
03
57
16
74
33

D O = N

W W B =

Prandtl
number,
Pr

0.705
.T12
.710
L1709
.708
.708

LT107
.707
.706
.705

.704

.703
L1702
.1701
.700
.698
.696

.688
.681

.658

0.706
.719
.715
.712
.711
.710

.709
.08
LT07
.706
.1705
.704

.703
.702
.701
.699
.697
.694

.690
.683
.674
.662
.645
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TABLE V. - Concluded. THERMODYNAMIC AND TRANSPORT PROPERTIES OF NATURAL GAS BURNED IN AIR

AT 10 ATMOSPHERES (10. 13x10° N/m2)

Temper- | Fuel-air | Ratio of | Molecular | Viscosity, Specific heat at Thermal conductivity, k Prandtl
ature, ratio, [ specific| weight, U, constant pressure, cp —— © 77 7 T | number,
T, F/A heats, m e/(cm)(sec) o cal/(cm)(sec)(K)| J/(cm)(sec)(K) Pr

K y cal/(g)(K) | J/(g)(K)

U -k ———f————
2300 0.0400 | 1.2290 32.165 1.'73><10—4 0.2396 1.002 0.59><10_4 2.5><10—4 0.706
400 1.3720 28.169 2.14 . 2602 1.089 .16 3.2 .733
500 1.3614 2.54 . 2657 1.112 .93 3.9 .724
600 1.3499 2.89 . 2722 1.139 1.10 4.60 .120
' 700 1.3382 3.22 . 2792 1.168 1.26 5.27 .T16
800 1.3271 3.53 . 2862 1,197 1.41 5.90 .T14
. 900 1.3171 3.82 . 2930 1.226 1.57 6.57 L1712
1000 1. 3085 4.09 . 2993 1,252 1.72 7.20 .710
1100 1.3012 4.35 .3048 1.275 1.87 7.82 .709
1200 1.2946 4.61 .3100 1.297 2,02 8.45 .707
1300 1. 2886 4.85 .3150 1.318 2,17 9.08 706
1400 1. 2830 5.10 .3198 1.338 2,31 9.67 .105
y

1500 1.2777 28.168 5.33 . 3246 1.358 2.46 10.3 .703
1600 1.2726 | 28.168 5.56 .3295 1.379 2.61 10.9 .702
1700 1.2675 28. 167 5.179 . 3346 1.400 2.7 11.6 700
1800 1.2623 | 28.166 6.02 .3403 1.424 2,93 12.3 .698
1900 1.2568 | 28.164 6.24 . 3467 1,451 3.11 13.0 .696
2000 1.2508 | 28.159 6.46 . 3546 1.484 3.31 13.8 .691
2100 1.2440 | 28.152 6.68 . 3646 1.525 3.56 14.9 . 685
2200 1.2362 | 28.140 6.90 .37 1.580 3.86 16.2 .675
2300 1.2272 | 28.120 7.11 .3952 1.654 4.25 17.8 .662
2400 1.2172 | 28.091 7.33 .4186 1,751 4.77 20.0 .643
2500 1 1.2064 | 28.047 7.54 L4492 1.879 5.46 22.8 .621
2300 | 0.0600 | 1.1970 | 33.997 | 1.71xt0™%* | o0.2301 | 1.000 0.58x10™4 2.4x10™% | 0.706
400 1.3624 | 27.807 2.09 . 2687 1.124 .75 3.1 .T47
500 1.3511 2.48 . 2750 1.151 .93 3.9 .134
600 1.3392 2.83 . 2821 1.180 1.10 4.60 e
700 1.3274 3.16 . 2897 1.212 1.27 5.31 L1722
800 1.3163 3.47 . 2974 1.244 1.44 6.02 .718
900 1.3063 3.76 .3048 1.275 1.60 6.69 .715
1000 1.2976 4,03 .3116 1.304 1.76 7.36 .713
1100 1.2903 4.30 . 3176 1.329 1.92 8.03 LT11
. 1200 1.2839 4.56 .3232 1.352 2.08 8.170 .1709
1300 1.2782 4.81 .3283 1.374 2.23 9.33 .707
1400 1.2732 5.05 .3331 1.394 2.38 9.96 .706
' 1500 1.2685 5.29 . 3377 1.413 2.54 10.6 .04
1600 1. 2641 ] 5.52 .3423 1.432 2.69 11.3 .02
1700 - ]11.2594 | 27.806 5.75 . 3475 1.454 2.86 12.0 . 699
1800 1.2540 | 27.803 5.98 .3544 1.483 3.05 12.8 .694
1900 1.2470 | 27.798 6. 20 . 3644 1.525 3.30 13.8 .686
2000 1.2381 | 27.787 6.42 .3790 1.586 3.60 15.1 .676
2100 1.2275 | 27.1768 6.65 .3992 1.670 3.99 16.7 .664
2200 1.2161 | 27.738 6.86 .4252 1.779 4,47 18.7 .652
2300 1.2047 | 27.692 7.08 .4571 1.913 5.07 21.2 .639
2400 1.1937 | 27.628 7.30 . 4952 2.072 5. 80 24.3 .623
2500 1.1838 27.542 7.52 .5394 2.257 6.71 28.1 . 604

aProperties at 300 K reflect the effect of the condensation of water from the combustion products.
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TABLE VI. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF ASTM-A-1 BURNED IN AIR

Temper-
ature,
T,
K

Fuel-air
ratio,
F/A

2300
400
500
600
700
800

900
1000
1100
1200
1300
1400

1500
1600
1700
1800
1900
2000

2100
2200
2300
2400
2500
2300
400
500
600
700
800

900
1000
1100
1200
1300
1400

1500
1600
1700
1800
1800
2000

2100
2200
2300
2400
2500

0.0100

0.0200

y

Ratio of

specific

heats,
Y

. 2340
. 3892
. 31799
. 3690
. 3576
. 3466

e = T Ty

. 3368
. 3285
.3216
.3152
. 3091
.3032

bl e e

. 2975
2917
. 2859
. 2800
. 2737
2669

[ S T SO Py

. 2595
. 2512
. 2420
. 2320
. 2214
. 2256
. 3836
L3737
. 3624
.3509
. 3400

el e e T = T = S ey

. 3301
.3218
.3148
. 3084
.3024
2967

o e e e

. 2911
. 2855
. 2798
. 2739
. 2676
. 2607

e e

.2528
. 2439
2338
2228
2112

o e e

Molecular
weight,
m

29.
28.

28.
28.
28.
28.
28,

28.
28.
28.
28.
28.
29.
28.

28.
28,
28.
28.
28.

28.
28.
28.
28.
28.

210
968

967
967
966
964
960

954
944
928
904
868
800
969

968
968
966
964
959

951
939
918
887
840

AT 3 ATMOSPHERES (3. 04><105 N/mz)

Viscosity,

IJ')
g/(cm)(sec)

76x10~%

.22
.62
98
31
61

W W NN DN e

89
16
42
67
91
15

DR A W

38
.61
83
05
27
49

(o= e IS B B |

70
92
13
35
56
15%10™%
20
60
96
28
58

W w oM HFH -1 -1 30 0

.87
.14
.40
65
.89
.13

o b B W

.36
59
.82
.04
.26
417

'00303010101

.69
.91
.12
.33
7.55

= 3o o

Specific heat at

constant pressure, c

cal/(g)(K)

0.2411
.2449
. 2492
. 2545
. 2605
. 2665

. 2723
. 2774
. 2819
. 2863
. 2905
. 2948

. 2893
.3039
.3088
.3142
.3204
.3276

.3366
. 3480
.3626
.3814
. 4056
0. 2406
. 2474
. 2522
. 2579
. 2641
. 2704

. 2764
.2818
. 2865
.2910
. 2954
. 2998

.3043
.3090
L3141
.3197
.3263
.3344

.3447
.3581
L3759
. 3994
.4299

J/(8)(K)

[ T T

e el e

o e e e e

R e e e e e e I e e e

e e e e

e e e e

. 009
. 025

043

. 065
. 090

115

.139
. 161
L1179
.198
.215
. 233

. 252
. 272
.292
.315
. 341

371

.408
. 456
.517

596
697

. 007
. 035
. 059
.079
. 105
.131

156

179

199
218
236
254

273
293

.314
.338

365

.399

. 442
.498
.573
.671
.799

p

Thermal conductivity, k

cal/(cm)(sec)(K) {J/(cm)(sec)(K)
0.60x10™% 2.5x107%
R 3.2
.92 3.8
1.07 4.48
1.22 5.10
1.36 5.69
1.50 6. 28
1.63 6.82
1.76 7.36
1.89 7.91
2.02 8.45
2.16 9.04
2.29 9.58
2.42 10.1
2.57 10.8
2.72 11.4
2.88 12.0
3.06 12.8
3.27 13.7
3.52 14.7
3. 84 16.1
4,24 17.7
4.76 19.9
0.59x107% 2.5x107%
.16 3.2
.92 3.8
1.07 4.48
1.22 5.10
1.37 5.73
1.51 6.32
1.65 6.90
1.78 7.45
1.91 7.99
2.05 8.58
2.18 9.12
2.32 9.71
2.46 10.3
2.60 10.9
2.76 11.5
2.93 12.3
3.12 13.1
3.35 14.0
3.64 15.2
4.01 16.8
4.50 18.8
5.15 21.5

aProperties at 300 K reflect the effect of the condensation of water from the combustion products.

Prandtl
number
Pr

0.709
.709

.08

.07
L1707
.706
.05
.705

L1704
.703
.1702
.701
.698
. 695

.691

.64
.661

0.709
.714
L7112
.11
.710
.710

.709
.708
.708
L7007
.706
.105

.705
.703
.702
.700

.694

.688
.680
. 667

.630




TABLE VI. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF ASTM-A-1 BURNED IN AIR

AT 3 ATMOSPHERES (3.04x10° N/m?)

Temper- | Fuel-air | Ratio of | Molecular | Viscosity, Specific heat at Thermal conductivity, k Prandtl
ature, ratio, | specific| weight, 1y constant pressure, cp roo- - T - number,
T, F/A heats, o g/(cm)(sec) P leal/(em)(sec)K) | T /(cm)(sec)(K)
K v cal/(g)(K) | J/(g)(K)

2300 0.0400 | 1.2101 31.014 1.73><10_4 0. 2396 1.002 0.58><10_4 2.4><10_4 0.709
400 1.3732 28.971 2.16 . 2524 1.056 .15 3.1 L1723
500 1.3622 2.56 . 2580 1.079 .92 3.8 .718
600 1. 8504 2.91 . 2644 1.106 1.07 4.48 .716
700 1.3387 3.23 L2711 1.134 1.23 5.15 .714
800 1.3277 3.54 L2779 1.163 1.38 5.77 .713
900 1.3179 3.82 . 2844 1.190 1.53 6.40 .712

1000 1. 3095 4.09 . 2902 1,214 1.67 6.99 LT11

1100 1.3025 4.36 . 2953 1,236 1.81 7.57 .710

1200 1.2962 4.61 .3002 1. 256 1.95 8.16 .709

1300 1.2504 4.85 . 3048 1.275 2.09 8.74 .708

1400 1.2849 5.09 .3094 1,295 2.23 9.33 L1071

1500 1.2797 5.32 . 3139 1.313 2.37 9.92 L1706

1600 1.2745 | 28.970 5.55 .3187 1,333 2.51 10.5 .704

1700 1.2693 | 28.969 5.78 .3238 1,355 2.66 11.1 .703

1800 1.2637 | 28.967 6.00 L3297 1,379 2.83 11.8 L1700

1900 1.2575 | 28.964 6.22 . 3369 1.410 3.01 12.6 . 697

2000 1.2503 | 28.958 6.44 .3464 1.449 3.23 13.5 .692

2100 1.2417 | 28,947 6.66 .3593 1.503 3.50 14.6 .684

2200 1.2315 | 28.929 6.88 . 3773 1.579 3.86 16.2 L6172

2300 1.2196 | 28.899 7.09 .4026 1.684 4,36 18.2 . 655

2400 1. 2066 28.852 7.31 .4371 1.829 5.04 21.1 .634

2500 1.1934 28.782 7.52 .4824 2.018 5.97 25.0 .608

4300 | 0.0600 | 1.1959 | 32.281 | 1.71x10™* | 0.2386 | 0.998 0.57x10"% 2.4x107% | 0.710
400 1.3637 28.973 2.12 . 2572 1.076 .75 3.1 .731
500 1.3518 2.51 . 2636 1.103 .91 3.8 724
600 1.3396 2.86 . 2706 1.132 1.07 4.48 .721
700 1.3277 3.19 L2779 1.163 1.23 5.15 .718
800 1.3167 3.49 . 2852 1.193 1.39 5.82 L1186
900 1. 3069 3.177 . 2921 1,222 1.54 6.44 .715

1000 1.2985 4.05 .2983 1.248 1.69 7.07 L1713

1100 1.2916 4.31 . 3038 1.271 1.84 7.70 .T12

1200 1.2854 4.56 .3089 1,292 1.98 8.28 .710

1300 1. 2799 4.81 L3136 1.312 2.13 8.91 .709

1400 1.2748 5.05 .3182 1.331 2.27 9.50 .708

1500 1.2701 | 28.972 5.28 .3226 1. 350 2.41 10.1 .07

1600 1.2655 | 28.972 5.51 L3272 1.369 2.56 10.7 .1705

1700 1.2607 | 28.971 5.74 L3322 1.390 2.71 11.3 L1703

1800 1.2554 | 28.969 5.97 . 3385 1.416 2.89 12.1 ."100

1900 1.2489 | 28.964 6.19 .3471 1.452 3.09 12,9 .695

2000 1.2404 | 28.955 6.41 . 3599 1.506 3.36 14.1 . 687

2100 1.2294 | 28,937 6.63 .3795 1,588 3.73 15.6 .674

2200 1.2159 | 28.906 6.85 .4089 1.711 4.26 17.8 . 657

2300 1.2008 | 28.855 7.06 .4504 1.884 5.00 20.9 .637

2400 1.1861 | 28.775 7.28 .5045 2.111 5.98 25.0 .614

2500 1.1733 | 28.660 7.50 .5692 2,382 7.23 30.3 .590

aProperties at 300 K reflect the effect of the condensation of water from the combustion products.
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TABLE VI. ~ Concluded.

Temper-
ature,
T,
K

Fuel-air
ratio,
F/A

2300
400
500
600
700
800

900
1000
1100
1200
1300
1400

1500
1600
1700
1800
1900
2000

2100
2200
2300
2400

2500
L

0.0682

|

Ratio of
specific
heats,
Y

. 2257
. 3600
. 3478
. 3354
. 3236
.3126

o e e

. 3028
. 2945
. 2876
. 2816
. 2762
L2712

[ T W oY

. 2662
. 2607
. 2543
. 2464
. 2369
. 2257

]

., 2132
. 2003
. 1877
L1762
. 1665

_ o o

THERMODYNAMIC AND TRANSPORT PROPERTIES OF ASTM-A-1 BURNED IN AIR

Molecular
weight,
m

32.
28.

28.
28.

28,
28.
28.
28.
28.
28.

28.
28.
28.
28.
28.

813
974

973
973

972
970
966
958
944
921

884
830
752
646
507

AT 3 ATMOSPHERES (3.04x10° N/m?)

Viscosity,
u,
g/(cm)(sec)

ox10™%
.10
49
84
16
47

W W N NN

5
03
29
54
.79
03

[ T N N N Y

26
.50
72
95
11
39

(o> RN = S IS B I )

62
83
05
27
7.49

-~ -1 O D

Specific heat at

constant pressure, cp

cal/(g)(K) |J/(e)(K)
0. 2381 0.996

. 2591 1.084
. 2658 1.112
2731 1.143
. 2806 1.174
. 2880 1.205
. 2951 1.235
.3015 1. 261
.3070 1.284
.3121 1,306
.3169 1.326
.3217 1.346
.3267 1.367
.3327 1.392
. 3406 1.425
3514 1.470
. 3664 1.533
.3872 1.620
.4149 1.736
. 4509 1.887
. 4956 2.074
.5489 2. 297
.6101 2.553

Thermal conductivity, k

cal/(cm)(sec)(K) {J/(cm)(sec){K)
0.57x107% 2. 4x107%
.74 3.1
.91 3.8
1.07 4,48
1.23 5.15
1.39 5.82
1.55 6.49
1.70 7.11
1.85 7.74
1.99 8.33
2.14 8.95
2.29 9.58
2.44 10.2
2.60 10.9
2.78 11.6
3.01 12.6
3.28 13.7
3.63 15.2
4.09 17.1
4,69 19.6
5.46 22.8
6.44 26.9
.65 32.0

aProperties at 300 K reflect the effect of the condensation of water from the combustion products.

Prandtl
number,
Pr

0.710

L127
.722
.720
LT17

.716
.714
L712
L711
L1709
.708

.108

.700
. 696

.681

.671
. 657
.640

.597




Temper-
ature,
T’
K

2300
400
500
600
700
800

900
1000
1100
1200
1300
1400

1500
1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2300
400
500
600
700
800

900
1000
1100
1200
1300
1400

1500
1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

aProperties at 300 K reflect the effect of the condensation of water from the combustion products.

TABLE VI. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF ASTM-A-1 BURNED IN AIR

Fuel-air
ratio,
F/A

0.0100

0.0200

1

Ratio of

specific

heats,
Y

. 3050
. 3892
. 3799
. 3690
. 3576
. 3466

(e e

. 3368
. 3285
. 3216
.3152
. 3091
. 3033

[ R

. 2976
. 2919
. 2863
. 2806
. 2749
2689

bd b b e

. 2626
. 2559
. 2487
. 2410
2329

Mo e

2884
. 3836
L3737
. 3624
. 3509
. 3399

o e e e s

.3301
.3218
.3148
. 3084
.3025
. 2967

b b S e

. 2912
. 2857
. 2803
. 2748
. 2691
.2631

R e e e

. 2566
. 2496
2419
. 2334
. 2244

e

Molecular
weight,
m

29.
28.

28.
28.
28.
28.

28.
28.
28.
28.
28.

30.
28.

28.
28.
28.
28.

28.
28.
28,
28.
28.

449
968

961
967
965
963

959
953
943
929
907

043
969

968
967
965
963

958
950
937
918
890

AT 10 ATMOSPHERES (10. 13x10° N/m

G o S D e W W W NN N

[ R =T I B B

S aae e

.76x10

W W NN

[ L

?30’30301?.“01

] -3 D D

Viscosity,

Hy

g/(cm)(sec)

77%1074

22
62
98
31
61

89
16
42
67
91

.15

38
61
83
05
27
49

70
92
13
35
56
-4

20
60
96
28
58

.87
.14
.40

65

.89
.13

36
59
82
04
26
47

.69
.91

12

.33
T.

55

Specific heat at

constant pressure, cp

cal/(g)(K)

0.2401
. 2449
. 2492
. 2545
. 2605
. 2665

.2723
L2774
. 2819
. 2863
. 2805
. 2948

. 2992
.3037
.3084
L3134
.3189
.3250

.3321
. 3401
.3506
.3631
. 3786

0.2396
. 2474
.2522
. 2579
. 2641
L2704

. 2764
. 2818
. 2865
.2910
. 2954
.2998

.3042
.3088
.3136
.3187
.3244
.3310

.3388
.3484
.3604
. 3757
.3949

3/(@)(K)

= e 2 e e

e s

o e e e

1
1
1
1
1

= e el

e e e

= R e e e

O el ek

. 005
. 025
.043
. 065
. 090
.115

. 139

L 179
. 198
. 215
. 233

. 252

271

. 290
.311
.334
.360

.390
. 424
467
.519
.584

.002
.035
. 055
.079
. 105
.131

. 156
. 179
.199

218

. 236

254

273

. 292
.312
. 333
. 357
. 385

.418
.458
.508
.572
.652

%)

Thermal conductivity, k

cal/(c-mj(sec)(.K;

0.
L7
.92
.07
.22
.36

—_ s

—

.50
.63
.76
.89
.02

DD DD e e

.29

.41
.65
.94
.30

QS AW W W oW

.60%x10°
.76
.92
1.07
1.22
.37

.51
.65

DO B = el el

.18

@ oo

o W W oW

.53

pox10™4

16

42
56
1
86
02

20

4

8
91
05

32
45
60
74
90
08

27
50
ki
11

| prandtt
I T number,
J/(cm)(sec)(K) Pr
2.5x107% | 0.706
3.2 709
3.8 709
4.48 .708
5010
5.69
6.28
6.82 707
7.36 .707
7.91 .706
8.45 .705
9.04 .705
9.58 704
10.1 .703
10.7 702
11.3 .701
12.0 .700
12.6 .698
13.4 .695
14.3 .691
15.3 .685
16.5 677
18.0 666
2.5x10°% | 0.706
3.2 714
3.8 712
4.48 L711
5.10 .710
5.73 710
6.32 .709
6.90 .708
7.45 .708
7.99 701
8.58 .06
9.12 .705
9.71 .705
10.3 704
10.9 .703
11.5 .01
12.1 .699
12.9 .697
13.7 .693
14.6 .688
15.8 .681
17.2 .671
19.0 .658
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TABLE VH. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF ASTM-A-1 BURNED IN AIR

Temper- | Fuel-air | Ratio of
ature, ratio, | specific
T, F/A heats,
K ¥
2300 0.0400 | 1.2594
400 1.3732
500 1.3622
600 1.3504
700 1.3387
800 1.3277
900 1.3179
1000 1.3095
1100 1.3025
1200 1.2962
1300 1.2904
1400 1. 2850
1500 1.2798
1600 1.2748
1700 1.2698
1800 1.2648
1900 1.2594
2000 1.2535
2100 1.2468
2200 1.2392
2300 1.2303
2400 1.2204
2500 1.2096
2300 0.0600 | 1.2347
400 1.3637
500 1.3518
600 1.3396
700 1.3277
800 1.3167
900 1.3069
1000 1.2985
1100 1.2916
1200 1.2855
1300 1.2799
1400 1.2749
1500 1.2702
1600 1.2658
1700 1.2614
1800 1.2568
1900 1.2516
2000 1. 2453
2100 1.2374
2200 1. 2276
2300 1.2158
2400 1.2031
2500 1.1906

Molecular
weight,
m

31.267
28.971

28.970
28.970
28.969
28. 966
28.962

28.956
28,944
28.926
28.898
28. 857
32.544
28.973

28.972
28.972
28.970
28.967
28,962

28.951
28.933
28.902
28. 854
28,1782

AT 10 ATMOSPHERES (10. 13x10° N/m?2)

Viscosity,

Hy

g/(cm)(sec)

-a

QA E R R W WLWNRMNHE T OO oo 12 TN O N N ) [XEE T R R i

[= T B RS RS R )

=1 =13 O D

731074

16

.56

91
23
54

82
09
36
61
85
09

.32

55

.78
.00
.22

44

.66

88
09
31
52

71x1074
.12

51

.86

19
49

1
05
31
56
81
05

28
51

.74
.97
.19

41

.63

85

.06
.28
.50

Specific heat at

constant pressure, c

cal/(g)(K)

0.2386
. 2524
. 2580
. 2644
L2711
L2779

. 2844
.2902
. 2953
.3002
.3048
. 3093

.3138
.3183
.3231
.3283
. 3343
.3415

. 35017
.3628
.3789
. 4005
.4288
0.2376
. 25672
. 2636
. 2706
. 2779
. 2852

.2921
. 2983
.3038
.3089
.3136
.3181

L3225
.3268
.3314
. 3365
. 3429
.3517

. 3643
. 3827
.4090
.4445
.4893

I/(g)(K)

e e e e

-

(34

o e e H o o e = O

e e e

e e e =R T N A S

o R e e e

. 998

056

. Q79
. 106
. 134
. 163

. 190

214

. 236
. 256
. 275
. 294

. 349
. 367
. 387
.408
.435
472

.524
.601
L7111
. 860
. 047

Thermal conductivity, k

cal/(cm)(sec)(K)

0.59x107%
.75
.92
.07
.23
.38

e

53
67
81
95
09
23

I T R e

37
51
66
81
98
18

W.RQNMNN

.38
.65
.99
43
.02
.58x107
.75
.91
1.07
.23
.39

O b W W W

4

—_ e

.54
69
84
98
13
27

I I R

41
55
70
86
04
25

@ Pe e

52
.88
37
03
88

@O b Wow

J/(cm)(sec)(K)

10.
11,
11.
12.
13.

10.
10.
11,
12,
12,
13.

14.
16.
18.
21.
24,

aProperties at 300 K reflect the effect of the condensation of water from the combustion products.

. 5x10

9 e W W N

b ook compodcam
O U -] W

(=B~ - B B B )

.48
.15

m

40
99
57
16
74
33

DO U QO = W

.4x10”

.48

15
82

44
07
70
28
91

= YRR B~ Y TR RN

DO W N =]

-4

4

Prandtl
number,
Pr

.T12
L7111
.110
.709
.708
.70

.706
.705
.703

. 699
.696

. 691
.684
.B674
. 660
.643
0.707
.731
.724

.718
.716

.715

.T12
L1100
.709
.708

.07
.705
.704
.702
.698
.693

.686
.675
.660
.643
.624
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TABLE VII. - Concluded. THERMODYNAMIC AND TRANSPQRT PROPERTIES OF ASTM-A-1 BURNED IN AIR

AT 10 ATMOSPHERES (10, 13x10° N/m2)

{Temper- Fuel-air | Ratio of| Molecular | Viscosity, Specific heat at Thermal conductivity, k Prandtl
ature, ratio, | specific| weight, u, constant pressure, cp M cT | humber,
T, F/A heats, m g/(cm)(sec) t——— —— cal/(cm)(sec)(K) |J/(em)(sec)X) | p.

K 5 cal/(g)(X) | J/(g}(K)

2300 0.0682 | 1.2257} 33.080 1.70x10'4 0.2371 0.992 0.5'7x10'4 2.4x1074 0.707
400 1.3600 | 28.974 2.10 . 2591 1.084 .74 3.1 .34
500 1.3478 2.49 . 2658 1.112 .91 3.8 L7217
600 1.3354 2.84 . 2731 1.143 1.07 4.48 .722
700 1.3236 3.16 . 2806 1.174 1.23 5.15 .720
800 1.3126 3.417 . 2880 1.205 1.39 5.82 L1
900 1.3028 3.75 . 2951 1.235 1.55 6.49 .116

1000 1.2945 4.03 .3015 1. 261 1.70 7.11 .T14

1100 1. 2876 4.29 .3070 1.284 1.85 7.74 L712

1200 1.2816 4.54 L3121 1. 306 1.99 8.33 .11

1300 1.2763 | 28.973 4.79 .3168 1.325 2.14 8.95 .709

1400 1.2714 | 28.973 5.03 L3214 1.345 2.28 g.54 .708

1500 1.2667 | 28.973 5.26 .3260 1.364 2.43 10. 2 .708

1600 1.2618 | 28.971 5.50 .3312 1. 386 2.58 10.8 .704

1700 1.2564 | 28.968 5.72 .3376 1.413 2.175 11.5 .702

1800 1.2501 | 28.963 5.95 . 3458 1.447 2.95 12.3 .699

1900 1.2425 | 28.954 6.17 . 3569 1.493 3.17 13.3 .694

2000 1.2336 | 28.938 6.39 .3718 1.556 3.45 14.4 .688

2100 1.2235 | 28.913 6.61 .3916 1.638 3.80 15.9 .681

2200 1.2126 | 28.876 6.83 .4169 1.744 4.24 17.7 .672

2300 1.2015 | 28.823 7.05 . 4485 1.877 4.79 20.0 . 660

2400 1.1907 | 28.750 7.27 . 4866 2.036 5.47 22.9 .646

2500 Y 1.1810 | 28.654 7.48 .5307 2.220 6.31 26.4 .630

aProperties at 300 K reflect the effect of the condensation of water from the combustion products.
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Figure 1. - Ratio of specific heats for combustion products of natural gas and air at pressure of 3 atmospheres (3. 04x10° Nim2).
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Figure 2. - Molecular weight of combustion products of natural gas and air at pressure of 3 atmospheres (3. 04x10° Nim3).
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Figure 4. - Specific heat at constant pressure of combustion products of natural gas and air at pressure of 3 atmospheres (3. 04x10° N/m2).
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Figure 12. - Adiabatic combustion temperatures of natural gas and of ASTM-A-1 burned in air.

~
t fhfstsasasstomasteny SiSfasietantcisssaiasisianatiandanany 7 <
1 A t et Beanna !
T 1 TP 1 I H
T 1 !
=
=~
in
e =]
i <
Ky Tu
Ny g -
L7 N (=]
Ny % e =
™ y
N g - ©
LTI ooTooooIIIIIITTTIITIIIII S "l‘ 2 Iﬂ' -”
N
m ©
l'lﬂ” "1! — |M.
S — — ]
N, 3
..... My 8=
——— N - 1y, puiswmla —— °
g K o =
X g, v
g g
= T p— ]
....... Pl N,
it [N N TN ~ N
et o oo S, o P
|||||||| & G K; : | ey
i 5 X 2 X Ny ] oy
=/t E TSN g N
g e e —er NG Ne
S © Ao mo e
=== =i Mg % ~
Py i <
== E mono Sy & :
|||||||| - — — ] a1
TomoIiz © Wi
[er— T T
[ty -4 S e
T 5 nﬂa,A_n o Ny
[t - ] i
——1 ECsa Ny,
e T 35 g
B—— S2EFE g, =
sImrIIzz R RG] L
E— = Z << Mg My —
[macteiuteted _ _ il st
et P T
=== L]
soooss _ !
e 10
T
t
1 ———
! R
f=] f=3 o= (=] (o= (=] o= fo= w
< (= (== o
=1 = 2 R R = & = R
o — ~— — — —
"0
3 ‘L ‘aunjesadwsa) uonsnquo)
Q (= = [=) [= [=) =)
2 =2
I 8 S 8 8 8 2 g =
<t ~” hal on o~ o~ — — —_

Y, ‘L ‘admesadwa) uonsnquio)



2700

o e e et e et B
[mmm— = =8888
P e =88 28 S
e D T T BT OO0 O S
llllllllll S = . .. B
o ——_—— T _
e L
m——— ]!
I —— 1 | I ]
g
r—
=
(T2
Y
<>
=
—
—
)
i-
i
L
2T .
st 7
7] 1
T 1 l\m
L
11 1l
)|
“ 1T
i Ll

1.40

1.36 1

132

A ‘syeay ay10ads Jo ojyey

300

116

Temperature, T, K

1000 1400 1800 2200 2600 3000 3400 3800 4200 4600
Temperature, T, °R

600

Figure 13. - Ratio of specific heats of combustion products of ASTM-A-1 and air at pressure of 3 atmospheres (3. 04x10° Nimd),

36



2700

i3

ShRAS

i
1

I

H
It

2300

aiT]
JTRIT

;l‘____

1900

lllll

1500

1100

e e i

[N

i

1

i

i

i

I

i
700

e P et i

28.9

28.8

&

w ‘yubam e nasjow

28.6

28.5

3400

3000

Teraperature, T, K
2600

Temperature, T, °R

200

2

Figure 14. - Molecular weight of combustion products of ASTM-A~1 and air at pressure of 3 atmospheres (3. 04x10° NIm2).

37



8x1074

5.0x107 i
o Fuel-air P
ratio, o
H ] FIA Loy i
7 I H o a il
0 (air) R | S
. . 0400 e |
| ] .74
45— TH! o m——— 0682 [ 74
LAFIV |
LFAT]
7 77 4
.77 43
p .7 7 41
TN le
H L
fand ZF
] WL >
6 . 7 4l
40— sEzumnuad P
177 . 8
77 SERRNRS
Nl ey
Wt ¥
P32 d
L. [
- v7.°.4
LA LK
&l ¥ b i
S e
= ':, VIV g
2 g > g o
v = L W1
R = LT
= o
= £ if P
= C’: LT WL
£ 30— § S
- ) 7’ e 7 4
>0 = LY
= 5 7] 111
A g HHH Vi <f]
g z 0 i
= = AHH i
WLy
nyw
] T )
) 1§
23 HH oA
Fivz! 5
[ 7 4
7 4
L T
L
p 4r? 4
P .V 7 4 1 11
V74
b
o
VA 3 'A\":.
[ 74
& 7 ) L. |
H-4- ,.{ {74
L] 174
773 [
Y
15— A n
]
2 ]
10—
LIF]
1 H EEE
300 700 1100 1500 1900 2300 2700

Temperature, T, K

N I I ) N N I R R

600 1000 1400 1800 2200 2600 3000 73400 3800 4200 4600
Temperature, T, °R

Figure 15. - Viscosity of combustion products of ASTM-A-1and air at pressures of 3 and 10 atmospheres (3. 04x10° and 10. 13x10° N/m?),

38



—
X
9

[ = e mmeen 0682

oNibyea .Qu ‘3nssaad Jupysuod je jeay oyy12edg

2.6

o~ 0
o —

N6y 45 3 nssasd JUR)SU0D Je Je3y d1j109ds

1.4

1. 0t

2100

2300

1900

1100

700

Temperature, T, K

3800

4600

4200

1400 1800 2200 2600 3000 3400
Temperature, T, °R

1000

600

Figurezl(). - Specific heat at constant pressure of combustion products of ASTM-A-1 and air at pressure of 3 atmospheres (3. 04x10°
N/me),

39



35x1074

18x102

{0(9S) W)L Y ‘RHARINPUD [pwiay)

= = B E C) ) = ~

P e e e
I R g e -~ mnﬂmhp. ../r
= r3n N S —— S,
[T . LT - [~ l‘,.!.l"l - "
uuﬂilllm g hﬁ L1y N~ ¥ L =
g 14 .} r. |
‘Ilﬂ ol [y D 1 N, Mﬂ
S im| o LT T
Sk = s a
vy - ﬂlAmA Ty 'l WK A‘r
n.| " %, b [ N
] e e ok
N NI
L. [ bR [ M |
5 . [V X
‘rl AVA ri.) 47‘
’ﬂlmu.MMn NN s
L N Y S
N, * M —
: Ny :
I A/ Y [ Il
. A Y W I
T RAHY I T
Y
%
=
wn
=
m
]
b |
8
=
=
5 ss88%
@ S o 0
Tgs SEEEEE
2 o
_ \
(=]
1 _ % =3
RN X
e I 1 "
L O D . N I 1»\_‘\,_ 1 1 nmi h ¥
;
; T 1
T T
T 1
;
¥ _ H = 5,
= i 1 = It =
& P~ R [TaY =T on o~ — ot
(3)(298)(W3)/1ed Ny “AYAIINPUOS feiuday)
R 3] 8 B3l =1 w i

()UUME o ‘AARONpUOD |ewaBY(

Temperature, T, K

3000
Temperature, T, °R

2600

2200

Figure 17, - Thermal conductivity of combustion products of ASTM-A-1 and air at pressure of 3 atmospheres (3. 04x10° N/,

40



2700

15

LELIT 1 L
TITT T 1
T I 1
T I T
1 I 13 5
|+ 1
1 T 1
T I 1T
r =
‘T o — o
au.MA rmm 8& e
T5S 5558388 =
SEE =8¢ -
s o Lo
_ -|ln
— ol
] ] it
_ 1
11
=
=
n
r
un
=M
=
=
r
4f
4
y s =
7
4 ~
r J
b
5 K
K
|
|
I 1=
rE=) i T iy Al — oAl
~ b =y o © =) 1o

Ad ‘Jaquinu [jpueld

41

4200 4600

3800

3000

2600

Temperature, T, K
Temperature, T, °R

1400 1800 2200

1000

Figure 18, - Prandtl number of combustion products of ASTM-A-1 and air at pressure of 3 atmospheres (3, 04x10° Nlmz).

600



2700

4600

1500

1500
Temperature, T, K

4200

2300

3800

|

3400

36C0

2620

Temperature, T, °R

1100

700

T 1

L T

1 1 47 #L 4 ! 4 ” 47
|||||||||||||| (- St o & v v
COOIIDDIIIIITIE o y| i pl
|||||||||||||| © o — oo 4 r v 4 47 L4
e ————— o 8 ISE=E=%:] f r ) 2 E o | 4
——TIIIITT DEE @ =2NFT OO v s y oy 4 f f 2
vt ———— S =L =800 oo ' s 4 . i .

||||||||||||| . e e Y »

e t———— w = | e 7 —a nn
Eromrmromsecn | i e alimime st et
S ——— ) Sn——— 4 Y 4 ¢ v

b e e y 4 " | A 2 4F s
|||||||||||||| y| Ay i 4 Vi ’
e e e i s v r 4 ¥ F.4 Lid 47 r\d
o e e e e, 1 y 4 3 4 4 47 A
|||||||||||||| ) 1 1.4 b Lo 4 vl iF r e
|||||||||||||| y it 4 ) #
euubitossmmiosas RO NN S IS SN IO | y{ A— b | 4 4 r
F 3 4 2 - ¥
(4 4. | 4 i I -2
-4 —2F i 7
y | | S s ) ]} ¥
f 4 r 4 y V4 F 3
y 4 4 4. 4L y|4 E.
. A AN A 4 r
p o (" v y e
| A—_a—— i v i
y Ly g ) r—f !
¥ AL L r) ) A
p, i 4 | A 4° & .
o | A S
7 LA Y A M| A 4
| Ty . | A — 4
v | | 4 y u r 4
y Sumy e | A oy le
b TR A —
] A SR AT, - |
y. 4 | -5
N w4 K. | A 4 L.
r 3 N —d ) A |
] y A A § i y Lo
. Y Ao iy Ay y o )
p i | s 4 y4 y|awls - T T e
) 4 L4 ¥ 3 ¥ ) r §
p o ] ammiaw) 4 rf
o] Aoy v | y L3
Y (e i yla T
L-d—9 2 4 =
r 4 4L | A | 4% A
Y oy | | y ok 4 ——
| Al Jm—. v a4 -
y - o 1 y a4 S
y o | y; 4 Y i
4 & 4L IR
y (4 ¥ I & 4
v A ey 4 | y|s A
y S ) 4 4 )
y Lo, o yld -
| 4 £ L. 4L . ]
. v 4 . y 4L
Yo s Y4 .3 )
[ 4 ¥ r A 7 | S
y| Ay yid N 4
Y 4 Y|4 [ 4 d
p i 4 . y )
v p . 4
[ w4 ki yland
F— y) a4
y v 4 y v
yid I 4 a4
y 3 p s 49} 4 p—
r 5f praiY | h
. 4 4 st
'} 2
L\N m.* .1 T
wi
y
L4 |
| A T4
41 g T m——
r 1oV 4
o
ridw] P buy
(4
4" ”
I e i— |
.4 —
!
i
LT

142

A ‘syeay oy1oads jo oney

300

2200

00 1400 1800

|

1000
Figure 19, - Ratio of specific heats of combustion products of ASTM-A-1 and air at pressure of 10 atmospheres (10. 13x16° NIm2).

600

42




2.0
g it e
28.54 v
! H
n
28.97
28. 85
A 1
al
= ¥
H
B
™ “[
< 28. 84 - 1
= L
= = R -
=2 ®
“;’ L _{-‘ L i
= E
3 i
8
s Al
28. 801 Il i
H
ng____
1
8
1
28.76 5
A
] HH Fuel-air b
] ratio, o
as FIA b H
T T
0 {air) b
n o 0100 I =
- ——— o0 jiises
.12 - 0400 :
FH ==~ —— .0600 :
HH = ——— .0682
|
]
o
28.63, ) i
28.64
300 700 1100 1500 1900 2300 2700
Temperature, T, K

600 1000

1400 1800 2200 2600 3000 3400 3800 4200 4600
Temperature, T, °R

Figure 20. - Motecular weight of combustion products of ASTM-A-1 and air at pressure of 10 atmospheres (10, 13%10° N/mA),

43



2100

L AN i o =,
un-l!.m.-m Mg mmllm' 'mlmn S
My - L | N
Ry - | eeemsaee- " e
] T o 7 ey N Ny
St Alﬂhl B o
. - 'F =
e i, i m
ot} Mg y
. [ NE »
mn‘v Miky Ny
e L1 |
N
SRy mumml
mu'u A
Yﬂ .
I~
wnm
[ Y w
(=
Gl
g
-
|
-l
I w 1 I}
I 1 ¢ )
S
—
—
r
._m (=3 2 m S
—_— =L N
SEI S838 : :
[T —
.
1 — =]
1 P~
1
f H !
L !
R RN 8 E; 2 ] R
NiByjed 4y 94nssaad 1UBISUOD 1e 88l 91j198ds
n/_. nU. =1 <t o~ o
o o — — - ~

By 4, ‘a4nssaad yueisuod je jesy oiioedg

Temperature, T, K

4200

3000

2600
Temperature, T, °R

1800 200

1400

1000

600

Figure 21. - Specific heat at constant pressure for combustion products of ASTM-A-1 and air at pressure of 10 atmospheres (10, 13x10° NIm2),

44



=3
IS
:
g | ) ﬂ I T 1
T v#lﬂv T
" I [ } 1 k. W
1 T N "
: 1 "~ 7~ - . m
: T ul.rlrﬂ.u e _-a“u .4_-. Iy
I " Ty
MH [ (¥
B -
b " 'll & ‘ﬂr
t 7 . ¥ qr X
[ r 8-\
. ¥ [V, ] A Y
b1 NS Y
W
L. f f h L ¥
b [ LY ﬂAr
b N \ 'Y X,
NN 8
oA =
SN =
'Jnn m
BN wnm,
mxx
-J-._ ~“
P
g
_ 8
—'c
v :
(o £
: w. =
8
=
oooIoTIIIIID e
oo P 88888
- L =
I mm i e U ~ @
Tt 290988 g
e —— ' Y
A
A
LY
3%
< Y
=1 N =]
h ° " < o — (=19
(hoas)wo)fied 4 Auaonpuod jewsay]
¥
=
K Q < 0 2 e
(MH28S) WY Y "AUAINPUCD Jeway]
g | _
>
2| | | _ | _
e 3 S = = S ~ =

(UMM Y ‘AuAnonpuod (ewlay]

4200

3800

3000

2600

Temperature, T, °R
Figure 22. - Thermal conductivity of combustion products of ASTM-A-1 and air at pressure of 10 atmospheres (10. 13x10° N/m?).

1400 1800 2200

1000

600

45

I



2700

4600

Saaee e Loopmen
m— s e, »f,r, oo ]
e e e e
S Sisses SR S

S e e e e
- . TWN mmumwt r“LHvLIT *mrnm wmmm< I

e e e mae- | adan
| .

R R e

[ i

:~knwnmuuVJw nw

v 47| 4

Yl B m\m“‘

NRNrnmmrlavmn P

| S

1
| | 1 of y e Sy
| - | & loth ” .
- L. LA | e’
1 S it
Haw & 47, 7.
(& 4 [z
i (0|4 "
2.
{4

2300
4200

3800

1900
3400
Figure 23. - Prandtl number of combustion products of ASTM-A-1 and air at pressure of 10 atmospheres (10, 13x10° N/mz).

3000

1500

Temperature, T, K

2600

Temperature, T, °R

2200

1100

1800

1400

700

1000

hEW JL 4
I { n“ L, =
b ‘T o —_—ooo oo
TS < = mm SSER
—
] SEX 8553388
n 4 [irnd (=] ;
: } I ,
—
| ,
- 1
A | o
A ] LI |
<= 3 T T
=2 Ea T i i} f (0 0 i |
] i i O -
d 1
y 3
¥ |
) 11 4
I Ri Ll 1A

.74

.12

.70

o
=

14 “8quinu ppueld

.62

300

600

46




1400

A .
" HHHE T
7 i 141 A Fah B
£ | | T T HHHI
- ] I‘LJL_I ‘;;: 11 %
é r{;‘:r} H&ﬁ—’ AT 1 :l on Q-:r' ‘-"}
S AL LM | e i L X W
e T IIEr i TR
™ -l: ¥ Pan'
5 wj"‘h’ﬂ L ha)
s 2 L
a
.66
.62 |
800 900 1000 1100 1200 1300
Temperature, T, K
1400 1600 1800 2000 2200 2400

Temperature, T, °R

Figure 24, - Comparison of experimental and theoretical vaiues for Prandtl number of air.

47



Thermal conductivity, k, Btu/(fhr)(°R)

2. 2104

e
(s

5, 2¢1072 9.0x10¢ : e i

Data i

| I

2.1 NASA theoretical T HHHH R

O  Experimental (ref. 2) H

b 1

T T
T

8.5 it: P HHE : HH HHHH

80— ey g NEI [l

4.6 1.9H saaseee FEEEC R R HHH

1.8 S sinizsas

1.5p—

.7 ; HH HHEL T

7.0—

Thermal conductivity, k, cal/(cm)(sec)(K)

40—

b
N
Thermal conductivity, k, J/lcm){sec)(K)

1.6 uagy Ho H :: T H H wuhER

3, 83— T A

6.5— : L

Ve w wE Wl 4 NN i (1
BN HEr m LET T [ diuw
s ¥ P ! ik 1 u »

60— i HHHI g dieh gzt

TLLLTT
A7 an VEI
=
s
s
T
T
T
I
s
+
I
s

3.4 L4

32— 55 i i

900 1600 1166 1260 1360 1400
Temperature, T, K

L3
800

I

1400 1600 1800 2000 2200 2400 2600
Temperature, T, “R
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